Postnatal growth of the heart is primarily achieved through hypertrophy of individual myocytes. Cardiac hypertrophy observed in patients with hemodynamic overload (e.g., hypertension or valvular heart diseases) is referred to as "pathological" because the increased cardiac mass is associated with increased morbidity and mortality, and sustained overload eventually leads to contractile dysfunction and heart failure (1). However, cardiac hypertrophy is not necessarily pathological. Cardiac growth during normal postnatal development or the hypertrophy observed in trained athletes is referred to as "physiological" because these forms of hypertrophy are not associated with impairment of contractility, and they are morphologically and molecularly distinct from pathological hypertrophy (2). Therefore, two related issues in the field of cardiovascular research concern the mechanisms by which sustained hemodynamic overload leads to heart failure and the mechanisms that distinguish between physiological and pathological cardiac growth. It was previously reported that physiological cardiac hypertrophy is associated with normal or increased numbers of myocardial capillaries, whereas pathological hypertrophy is correlated with a reduction in capillary density (3). These observational studies suggest that coronary neoangiogenesis occurs during physiological hypertrophy and that vascular rarefaction in the setting of pathological hypertrophy may cause tissue hypoxia and lead to contractile dysfunction. In fact, in a mouse model of Aktinduced myocardial hypertrophy, it was shown that hypertrophic stimuli induced the expression of angiogenic growth factors such as VEGF in the adaptive phase of hypertrophy, and that blockade of VEGF signaling resulted in a reduction in capillary density and an early transition to heart failure (4). In a pressure overload-induced hypertrophy model, VEGF deficiency leads to a reduction in myocardial capillary density and accelerates the transition from compensatory hypertrophy to failure (5) . On the other hand, supplementation of VEGF during sustained pressure overload preserves contractile function (6-8). Mech-anistically, it was shown that the downregulation of hypoxia-inducible factor-1 (HIF-1) by the p53 tumor suppressor protein, which is induced in the myocardium in the late phase of pressure overload-induced hypertrophy, contributes to the reduced expression of angiogenic growth factors (8) . These studies suggest that, in compensatory or physiological cardiac hypertrophy, growth-promoting signals simultaneously induce hypertrophy and angiogenic growth factor expression in myocytes and maintain the balance between myocyte hypertrophy and coronary angiogenesis. These studies also suggest that impaired expression of myocardial angiogenic growth factors in the pathological phase of pressure overload-induced cardiac hypertrophy results in vascular rarefaction and has a causative role in the development of contractile dysfunction. Consistent with this hypothesis, clinical dilated cardiomyopathy is associated with an irregular capillary pattern and a reduction in overall capillary density (9, 10) . Thus the balance between growth and angiogenesis in the heart is one of the determinants of whether the hypertrophy is physiological/adaptive or pathological/ maladaptive, and impaired angiogenesis during sustained growth stimuli is critical for the progression from adaptive to maladaptive cardiac hypertrophy (11).
GATA4 is an angiogenic transcription factor in the heart
In this issue of the JCI, Heineke et al. (12) report that the cardiac transcription factor GATA4 promotes coronary angiogenesis in the murine heart. GATA4 is a zinc-finger transcription factor that is abundantly expressed in cardiomyocytes from early embryonic stages to adulthood and regulates cardiac-specific gene expression (13). Heineke et al. first show that transgenic overexpression of GATA4 in murine adult cardiomyocytes enhances coronary angiogenesis, whereas myocyte-specific deletion of GATA4 results in a reduction in capillary density. They further demonstrate that myocytes overexpressing GATA4 can induce in vitro angiogenesis in a paracrine fashion through the secretion of angiogenic growth factors such as VEGF-A, and that GATA4 binds to and transactivates the Vegf-A gene promoter. Finally, Heineke et al. show that ectopic expression of GATA4 in skeletal muscle is sufficient to enhance angiogenesis in a hindlimb ischemia model. Together with the previous observations that the transcriptional activity of GATA4 is enhanced by hypertrophic stimuli (14) (15) (16) , the results of the study by Heineke et al. suggest that GATA4 plays a role in the induction of hypertrophy-associated coronary angiogenesis.
It should be noted that activation of GATA4 and HIF-1 may represent different mechanisms by which coronary angiogenesis is coordinated with cardiac growth. Activation of GATA4 is predominantly hypoxia independent and is induced by hypertrophic stimuli that are mediated by ERK, p38, or Akt signaling (Figure 1 ). The phosphorylation of GATA4 by ERK or p38 potentiates its transcriptional activity (15, 16) , whereas inhibition of glycogen synthase kinase 3-β (GSK3-β) by Akt leads to GATA4 activation and results in its accumulation in the nucleus (14) . In contrast, HIF-1 is activated by hypoxia that presumably occurs secondary to the extensive growth of myocytes, although it is reported that HIF-1 can also be activated by growth factor signaling through a mammalian target of rapamycin-dependent (mTOR-dependent) pathway that is hypoxia independent (17) . Furthermore, GATA4 and HIF-1 activation of the VEGF promoter appears to be mediated by distinct promoter regulatory elements (8, 12) . Similarly, VEGF activation during growth factor/Akt-mediated skeletal muscle hypertrophy does not involve the HIF-1 cisregulatory element in the VEGF promoter (18) . Thus while it appears that multiple mechanisms can coordinate an angiogenic response with myocyte growth, these regulatory programs may crosstalk through proteins that are shared between the different signaling pathways (Figure 1 ).
Given that angiogenic growth factor expression is downregulated in the chronic phase of hypertrophy, one intriguing question raised by Heineke et al. (12) is how GATA4 is inactivated during sustained pressure overload and whether p53 is involved in this process. Another question is whether there is synergism between GATA4
Figure 1
Reciprocal signals between the myocardium and the vasculature coordinately regulate cardiac growth and coronary angiogenesis. In the myocardium (left), hypertrophic stimuli activate multiple protein kinases such as Akt, ERK, and p38, which upregulate the transcriptional activity of GATA4 either directly or indirectly. At the same time, tissue hypoxia induced by cardiac growth, or activation of the Akt-mTOR pathway, stabilizes HIF-1. Activation GATA4 and HIF-1 in the nucleus leads to the expression of angiogenic growth factor genes, which act on the vasculature (right) to induce angiogenesis. The vasculature, on the other hand, when stimulated with angiogenic growth factors, secrets unidentified growth factor(s), which act on the myocardium to promote hypertrophy. Thus coordinated hypertrophy and angiogenesis is mediated by reciprocal signals between the myocardium and the vasculature in a paracrine fashion.
and HIF-1 in the transcriptional activation of angiogenic growth factors. Furthermore, capillary density is reduced and tissue hypoxia is detected in the myocardium of myocyte-specific GATA4 knockout mice at baseline, but HIF-1-responsive genes are not activated in this situation. These data indicate that the transcriptional activity of HIF-1 may be impaired in the absence of GATA4 and suggest the possibility of interactions between GATA4 and HIF-1 in the regulation of their common target genes.
Enhanced angiogenesis per se promotes hypertrophy
In a separate study also in this issue of the JCI, Tirziu et al. provide evidence showing that an increase in capillary mass is sufficient to promote hypertrophic growth of murine myocytes (19) . These findings will undoubtedly be controversial because, while it has been fairly well established that a limitation of angiogenic factors will impair cardiac growth and function in response to developmental (20, 21) and pathological (4, 5, 8) stimuli, it does not necessarily follow that an increase in angiogenesis will activate heart growth in the absence of cardiomyocyte growth signals. Many studies have delivered angiogenic growth factors to the heart. For example, the conditional overexpression of VEGF in cardiomyocytes leads to the growth of an abnormal vascular network and edema, but an effect on cardiac hypertrophy was not reported (22) . Tirziu et al. first established a transgenic mouse model in which PR39, a naturally occurring antibacterial peptide that inhibits the proteasome-dependent degradation of HIF-1, is expressed in cardiomyocytes in an inducible manner. Using this model, they show that induction of PR39 expression in adult cardiomyocytes for three weeks results in enhanced coronary angiogenesis and increased capillary mass without an increase in heart size or heart weight/body weight ratio. However, when PR39 expression was maintained for six weeks, there was an approximately 40% increase in heart weight/body weight ratio that was associated with a normalization of vascular density. Because PR39 exhibits no direct prohypertrophic effect on cardiomyocytes in vitro, these results suggest that cardiac growth occurs secondary to an increase in capillary mass (23) .
One intriguing question raised by the Tirziu et al. (19) study is how enhanced angiogenesis promotes cardiac hypertrophy. It is possible that newly formed vessels supply excessive nutrients and thereby promote hypertrophic growth or that paracrine factors released from the vascular endothelium induce cardiomyocyte hypertrophy. The observation that a nitric oxide synthase inhibitor, l-NAME, partially suppressed angiogenesis-driven cardiac hypertrophy suggests that nitric oxide may be an endothelium-derived prohypertrophic factor. However, this does not necessarily exclude the possibility that other growth factors secreted from endothelial cells also contribute to angiogenesis-induced cardiac growth. Also of interest is the observation that cardiac hypertrophy induced by long-term PR39 expression is pathological/maladaptive because it is associated with fetal cardiac gene induction, myocyte apoptosis, and decreased contractility. Thus PR39-induced angiogenesis in the absence of hypertrophic stimuli may lead to the "stress" of the myocardium, and it is possible that cardiomyocyte growth in this model may occur in response to injury such as edema or inflammation, in addition to the increase in the capillary bed.
Intertissue interactions that coordinate organ growth and angiogenesis
The close relationship between tissue growth and angiogenesis appears to be conserved in other organs as well. Tumor growth is angiogenesis dependent (24) , and adipose tissue mass can also be regulated by the vasculature (25) . Coronary angiogenesis during cardiac growth is enhanced by angiogenic growth factors released from cardiomyocytes (4, 5, 8, 12) , and now it is shown that newly formed blood vessels may secrete factors that promote the growth of cardiomyocytes (19) . Thus it appears that crosstalk between the myocardium and the vasculature functions to promote the growth of each in a paracrine fashion (Figure 1 ) (11) . This notion has support from earlier studies showing that prostate vessel growth stimulated by testosterone treatment precedes by several days the increase in prostate mass (26) , and that hepatocyte growth factor secreted from the liver endothelium in response to VEGF stimulation promotes hepatocyte proliferation (27) .
In summary, it is becoming increasingly clear from a number of studies that, in response to hypertrophic stimuli, both heart growth and function are angiogenesis dependent. These findings are important because they challenge the myocytecentric view of cardiac dysfunction and indicate that endothelial cell-myocyte interactions should be taken into account to better understand the pathophysiology of heart failure. Specifically, these studies provide experimental evidence to suggest that a disruption of coordinated myocyte growth and angiogenesis can promote the progression from adaptive cardiac hypertrophy to heart failure. In this regard, clinical heart failure is associated with risk factors that are also known to contribute to endothelial dysfunction and impaired angiogenic responses including diabetes, dyslipidemia, and hypertension. Thus further elucidation of the reciprocal crosstalk mechanisms between cardiomyocytes and endothelial cells will be of particular interest and may lead to novel therapeutic strategies for heart diseases.
